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INTRODUCTION
The Interstellar Boundary Explorer (IBEX) mission (McComas et al. 2009a) has generated the first all-sky maps of energetic neutral atoms (ENAs) emanating from the outer heliosphere (McComas et al. 2009b) . Because the ENAs at energies greater than 0.7 keV are produced primarily through charge exchange between hot heliosheath ions and cold interstellar neutrals, the maps provide global observations of the interaction between the heliosphere and the interstellar medium (ISM). IBEX ENA sky maps are typically constructed at five energy ranges that cover energies from 0.5 to 6 keV. Knowledge of the energy distribution of ENAs allows for analysis of the physical processes at work in the interaction region.
As it takes the sensors on the spinning IBEX spacecraft six months to observe the complete sky, a new set of maps is available every six months, making it possible to search for temporal changes in the state of the outer heliosphere. McComas et al. (2010) compared the second set of sky maps to the first and showed that while the outer heliosphere and its ENA emissions were largely stable, there were some significant changes over a six-month timescale. These authors found some evolution in the bright ribbon of ENA emissions (McComas et al. 2009b ) and an overall dimming of the global ENA emissions in the second set of sky maps compared to the first. In particular, the ENA emissions at the north and south ecliptic poles are lower, by 10%-15%.
The presence of significant variations between the two sky maps created six months apart implies that discernable variation should be taking place on even shorter timescales. This in turn suggests that we cannot consider a single sky map as representing a snapshot of the heliosphere for a particular instant in time, as data in different parts of the same map will have been collected at different times, ranging up to six months apart. Analysis is further complicated by the fact that, due to time dispersion in the arrival of ENAs at different energies, sky maps at different energies reflect the states of ENAs created at different times in the outer heliosphere.
It is possible to observe changes on timescales shorter than six months, because two regions in the sky, the ecliptic poles, are observed nearly continuously by IBEX, as the spacecraft's Sun-pointing spin axis rotates about the ecliptic axis. ENA observations from these regions are the subject of this study. We present observations over the course of two years and find that the ENA flux decrease initially observed by McComas et al. (2010) is supported by our analysis. Furthermore, we show that the decline closely correlates with the steady decline in solar wind dynamic pressure observed to occur through the deepest Since the total pressure is conserved across the TS, the pressure in the heliosheath balances the solar wind dynamic pressure. ENAs are produced primarily in the inner heliosheath, and their flux as measured by IBEX is a reflection of the plasma pressure in the inner heliosheath. Therefore, variations in the ENA flux are determined by variations in the solar wind dynamic pressure.
part of the most recent and unusually extended solar minimum (McComas et al. 2008) .
As we will show, interesting inferences about the dimensions of the heliosphere can be drawn from the strong correlation between outbound solar wind and inbound ENA flux. We already have some empirical measure for the distance to the termination shock (TS) at several locations from the twin Voyager spacecraft's journey through the TS and heliosheath (see Figure 1) . Voyager 1 crossed the TS at a distance of 94 AU (Stone et al. 2005) , and Voyager 2 crossed at 84 AU (Stone et al. 2008) . We can get a rough estimate of the TS distance at the poles by using the Voyager measurements of the TS distance to scale published heliospheric models. Models of the interaction of the heliosphere with the ISM all indicate that the TS is blunt in the nose direction (see, e.g., Baranov & Malama 1993; Zank et al. 1996; Fahr et al. 2000; Alexashov & Izmodenov 2005; Pogorelov et al. 2004 Pogorelov et al. , 2007 Opher et al. 2009 ), from which it follows that the distance to the TS is greater in the poleward direction than in the nose direction. Depending on the model, the TS distance at the poles (or in the case of non-axisymmetric heliosphere models, the average distance) ranges from 1.2 to 1.5 times further out than at the nose. Some examples: the ratio of the pole-to-nose TS distance is modeled as 1.4 in the HD + kinetic neutral model of Baranov & Malama (1993) ; 1.3 and 1.5 in the one-and two-shock MHD + multifluid neutral models of Zank et al. (1996) ; and 1.5 in the HD + kinetic neutral model of Alexashov & Izmodenov (2005) . Pogorelov et al. (2004) show that the bluntness of the TS is mildly affected by the strength of the interstellar magnetic field (ISMF). By varying the strength of the asymptotic ISMF from 1.5 μG to 2.4 μG in their pure MHD model, they show that the ratio of the pole-to-nose TS distance varies from 1.4 to 1.25, at least in the case where the ISMF is co-aligned with the nose direction.
More recent models consider an asymmetric heliosphere arising from a tilt angle between the asymptotic ISMF direction and the nose direction. These efforts use the differing TS crossing distances of Voyager 1 and 2 to constrain the ISMF tilt angle. The MHD two-fluid model of Pogorelov et al. (2007) and the MHD/kinetic model of Opher et al. (2009) place the TS at the north pole about 20% further out than the TS at the south pole. The Voyager observations showed that the distance to the TS near the nose is ∼90 AU. Using this distance to scale their presented model results we arrive at a south pole TS distance of d TS ∼ 110 AU, and a north pole TS distance of d TS ∼ 130 AU. The MHD/kinetic model of Izmodenov et al. (2009) predicts a more symmetric TS boundary, with a south pole TS distance of d TS ∼ 100 AU, and a north pole TS distance of d TS ∼ 110 AU.
The thickness of the inner heliosheath (IHS) is not yet as well constrained by Voyager as the TS distances. Voyager 1 is currently ∼25 AU into the heliosheath and although observations of the radial flow velocity, which fell to zero in 2010 April, indicate that the spacecraft may be nearing the heliopause (Krimigis et al. 2011) , it is not clear if it has crossed yet. The aforementioned asymmetric heliosphere models all suggest that the thickness of the IHS along the north pole is much greater than along the south pole. All three models indicate the south pole IHS thickness is t IHS ∼ 80 AU, but interestingly, values for the north pole diverge significantly: Pogorelov et al. (2007) indicate that the IHS at the north pole has a thickness of t IHS ∼ 120 AU; for Opher et al. (2009) , t IHS ∼ 200 AU along the north pole; and for Izmodenov et al. (2009) , t IHS ∼ 240 AU. We note that the predicted dimensions of the heliosheath are much more sensitive to the input conditions (e.g., orientation and strength of ISMF, neutral H density, etc.) than the dimensions of the TS.
We will make use of the ENA analysis presented here to provide independent estimates of the TS distance and the thickness of the IHS.
In Section 2, we describe the method of data collection and analysis, as well as the handling of sources of background counts that could potentially obscure the detection of ENAs of heliospheric origin. In Section 3, we present the north and south polar ENA fluxes at different energies as a function of time, allowing us to search for time variation. We also present ENA energy spectra for different times. In Section 4 we examine the possible causes for the observed variations, and in particular, compare IBEX data to solar wind data observed at 1 AU. This opens the way for a discussion of the scale of the heliosphere in the poleward directions, and in particular, the thickness of the IHS.
DATA ANALYSIS

IBEX Data Acquisition and Pointing
There are two sensors on IBEX capable of detecting neutral atoms, IBEX-Lo and IBEX-Hi. The IBEX-Lo sensor (Fuselier et al. 2009 ) is sensitive to atoms in the energy range 10 eV-2 keV, and IBEX-Hi sensor (Funsten et al. 2009a ) detects atoms in the energy range 380 eV-6 keV. Our analysis is based on observations from the IBEX-Hi sensor, from which ENAs of heliospheric origin are most readily collected. The IBEX-Hi sensor is essentially a 6.
• 5 × 6.
• 5 (FWHM) single-pixel ENA imager, collecting ENAs at six logarithmically spaced energy steps with an energy resolution of ΔE/E ∼ 65% (FWHM). The IBEX ENA sensors are mounted on a 4 rpm (nominal) spinstabilized spacecraft, which, from the beginning of the mission through 2011 June, orbited the Earth roughly every 8 days in a highly elliptical orbit (∼3 R E × 48 R E ). (Note: in 2011 June, the spacecraft perigee was raised to ∼8 R E , increasing the orbital period to 9 days (McComas et al. 2011) . Since all of the data used in this study were collected prior to 2011 June, the following discussion refers to the original orbital parameters.) When IBEX is above an altitude of 15 R E , corresponding to ∼7 days of the ∼8 day orbit, science data are collected, and the IBEX sensors measure the incident ENA flux from a 6.
• 5 × 360
• swath of the sky each ∼15 s spin. Nominally, the spin axis is Sun pointing, requiring the spacecraft to be repointed by ∼8
• once per orbit. This also means that the stripe IBEX is mapping rotates by 8
• per orbit; thus, in this manner IBEX is able to map the whole sky in six months. The axis about which IBEX pivots to maintain Sun pointing is along the ecliptic poles, and consequently the ENA fluxes from patches of sky roughly 6.
• 5 wide at the north and south ecliptic poles are continuously measured, in contrast to other regions of the sky, which are sampled only once every six months. Data from these polar regions are the subject of this study.
Because each pole is viewed four times a minute throughout the mission (with the exception of the one day per orbit when IBEX is below 15 R E ), the polar ENA flux can be determined with quite a high time resolution in principle. However, there is an additional limit on the time resolution arising from the ∼65% energy resolution (ΔE/E) of the energy passbands. For example, the highest energy step has a central energy of 4.3 keV; thus, ENAs at this energy which originate at the TS (∼100 AU) . This interval corresponds to the first two years of IBEX science data collection. Certain orbits were not included in the study due to significant magnetospheric contamination or high instrument backgrounds. As part of IBEX routine processing, data from each seven-day science collection period is culled of counts not useable for heliospheric science. We set a minimum threshold of 12 hr orbit −1 of useable data in at least the top four energy steps in order for an orbit to be included in the present study. The choice of a minimum threshold of 12 hr ensures that we have a ∼50% statistical uncertainty or better for a given orbit. The periods not included are orbits 30-37, 39, 48, 81, 83, 84, and 95-98 , all of which are orbits where the heliospheric signal was overwhelmed by magnetosheath ions, and orbits 55 and 56, which were not included because of high instrument backgrounds. Data from two orbits, 40 and 62, were lost by the spacecraft, resulting in two additional data gaps. In total, data from 80% of the orbits are included in this study.
Backgrounds
Before searching for variability in the ENA flux from the outer heliosphere, it is necessary to remove the two remaining sources of background counts that affect IBEX-Hi measurements. The first is due to penetrating radiation from cosmic rays. We discuss this background source in some detail because it is at times comparable to the measured heliospheric ENA rate and it shows clear variation in time; thus, we must characterize it fully to ensure it does not influence our derivation of the heliospheric ENA temporal variation. Sources of IBEX-Hi backgrounds and their treatment in the data analysis process are discussed in detail by P. H. Janzen et al. (2012, in preparation) .
The IBEX data product used in this study is the so-called qualified triples rate. Qualified triples are events arising from the triggering of all three channel electron multipliers (CEMs) in the IBEX-Hi detector section within a 70 ns window. The The triple-coincidence scheme removes many of the potential background sources, but it turns out that penetrating energetic particles (E > 30 MeV amu −1 ) can also create qualified triples at a low, but measurable rate. Thus, to determine the heliospheric ENA rate, qualified triples must be corrected for penetrating radiation. Fortunately, penetrating radiation also creates "unqualified" triples, whereas true ENAs generate very few of these; thus, the unqualified triples rate can be used to monitor and remove qualified counts generated by penetrating radiation.
Comparison of the unqualified triples rate to cosmic ray monitors indicates a striking correlation from which we conclude that cosmic rays are the overwhelmingly dominant source of noise that adds to qualified triple ENA measurements. In Figure 2 , we compare the unqualified rate to cosmic ray fluxes measured by the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) cosmic ray detector on board the Lunar Reconnaissance Orbiter (Spence et al. 2010) , showing a near perfect match, with a correlation coefficient of 0.98. After an initial increase, the cosmic ray rate has been in steady decline since the beginning of 2010, dropping by ∼30% from its peak over this interval. Based on data from on-orbit background testing, we find that the cosmic ray contribution to the qualified triples rate is 90% of the measured unqualified triples rate. The contribution to the uncertainty in the corrected qualified rate from subtraction of this background is only 2% of the background rate in the qualified triples.
The second background source is due to the local solar wind. Solar wind protons can, at times, scatter into the entrance region of IBEX-Hi, be neutralized, and create ENA counts. This introduces variability into the data that correlates strongly with the solar wind flux measured by L1 monitors, such as the SWEPAM instrument on the Advanced Composition Explorer (McComas et al. 1998 ). This background source varies on timescales of hours and thus cannot originate in the outer heliosphere. Periods where this type of background is identifiable are culled from the data, but it is possible that a small residual solar wind contamination below our identification threshold is still present.
The lowest of the six IBEX-Hi energy channels (ESA 1, E central = 450 eV) is the most strongly contaminated by this source, so data from this energy channel do not appear in any of the currently published skymaps. Here, however, we can use ESA 1 to correct for the residual solar wind contamination in the other energy steps. This is done by subtracting an appropriately scaled version of the flux variability pattern in ESA 1 from the other energy steps.
Aberration Correction
One final adjustment must be made in order to calculate the true polar flux. Because IBEX orbits the Earth, which in turn orbits the Sun with a speed of 30 km s −1 , the direction of polar ENAs is aberrated, such that polar ENAs arrive at IBEX from a slightly prograde direction. For IBEX-Hi, this effect is small, ranging from only a 4.
• 5 shift for ESA 2 (E central = 0.71 keV) to 1.
• 9 for ESA 6 (E central = 4.1 keV). Note that in general, IBEX ENA analysis requires a complex transformation of both energy and angle from the spacecraft frame to an inertial (heliospheric) frame (see McComas et al. 2010 , Appendix A). However, because the motion of the Earth frame is transverse to the ecliptic pole directions, the correction for analysis of polar ENAs need only to adjust the ENA arrival angle, as the energy correction is negligible, less than 0.5% for all IBEX-Hi energy steps.
There are two other potential corrections that need to be considered for ENAs inbound from the outer heliosphere. One is correcting for modification of the ENA energy due to the action of radiation pressure, and the other is adjusting for gravitational deflection of ENAs toward the Sun (see Bzowski 2008) . For the present study, such corrections are unnecessary, as these effects are negligible for ENAs above a few hundred eV.
3. RESULTS Figure 3 shows the differential ENA energy flux arriving at IBEX from the (a) north and (b) south ecliptic poles. Data have been binned into roughly one-month periods, and the error bars indicate the combined 1σ Poisson counting statistic uncertainties of the measurements and the uncertainties associated with correcting for penetrating radiation and solar wind contamination. They do not, however, include any uncertainty associated with the presence of unsubtracted solar wind-associated background. This could add as much as an additional 8%-15% (for ESAs 3-6) and 30% (for ESA 2) uncertainty to each point. The variability appears as a point-to-point (month-to-month) fluctuation; that is, it appears at shorter timescales than potential variations of heliospheric origin (>2 months).
On top of the point-to-point flux variations, for most energy steps there is a clear downward trend in the ENA flux, most notably at the 1.1 and 1.9 keV energy steps. At these two energies, the drop over the course of two years for the south pole is 70% and 42%, respectively, and for the north pole the drop is 48% and 30%, respectively. Interestingly, the 0.71 eV energy step is essentially flat over time, although there are significant fluctuations. We cannot rule out that some of these variations arise from changes in the heliospheric ENA flux at the lowest energy sampled, but suspect that most of the variation is due to unresolved local solar wind contamination, which affects this energy level the most. Note also that this energy step carries the largest statistical uncertainty because it has the lowest sensitivity of the five. We attribute the observed downward trend at 1.1 keV and above to true heliospheric variation. The south pole trend is roughly linear, as indicated by the linear fits shown in Figure 3 . However, upon closer examination, it appears that most of the drop occurs in the first year and then the trend flattens. The north polar flux also shows a downward trend with time, but the situation is complicated by the proximity of the north pole to the northern extension of the ribbon, whose center passes within 12
• of the pole at an ecliptic longitude of ∼45
• , and has a FWHM of ∼20
• (Schwadron et al. 2011) . Thus, it is likely that longitudinal variation near the north pole may mask any temporal variation. There is also evidence for time variability of the ribbon itself, separate from the globally distributed flux, particularly in the "knot" feature identified by Funsten et al. (2009b) that has shown significant evolution between the first and second sky maps (McComas et al. 2010) . With this caveat in mind, we continue to present results for the north pole through the rest of the paper, but give these qualified importance compared to the south pole analysis.
There is some indication that the downward trend of ENA flux continues at lower energies. Preliminary analysis of IBEX-Lo data in the energy range of 0.14-1.9 keV suggests a flux decrease from 2009 to 2010. However, the analysis is challenging due to very low counting statistics. The IBEX-Lo design was optimized for the detection of neutral atoms at energies as low as 10 eV (Fuselier et al. 2009 ). As a consequence of having sensitivity to such low energy neutrals, the sensor possesses a ∼3-10 times lower triple-coincidence detection efficiency than IBEX-Hi. A careful analysis of the IBEX-Lo polar signal is currently under investigation and will be the subject of another publication (H. Kucharek 2011, private communication) .
The fact that the flux varies differently for different energy steps implies that the spectral shape of the incident ENA spectrum also varies. Figure 4 shows ENA spectra at six intervals spaced approximately four months apart over the twoyear analysis period for the north and south poles. Each curve corresponds to a three-month average of the flux. We do this to reduce the noisiness of the resulting spectra and to call out the underlying trend. We first note that the integrated spectra drop in intensity with time, reflecting the overall drop in ENA flux.
To quantify the change in spectral shape, we fit each spectrum to a simple power law (E −α ). We do not necessarily expect the ENA spectrum to follow a power law at the pickup ion energies; rather, we are attempting only to highlight time evolution with a single parameter. The derived values of the spectral index α indicate a general hardening with time at both poles. For the south pole, α ranges from 1.53 at early times to 1.10 at the end of the period. For the north pole, α shows a quite similar progression, varying from 1.30 to 1.03, despite the influence of the ribbon. At early times the spectra are in fact well described by a power law, but at later times, the spectra become more broken. This is primarily due to the fact that the flux at 0.71 keV shows much less of a drop than the fluxes at 1.1 and 1.9 keV. This may reflect a real shift in the spectral shape, but we cannot rule out the possibility that significant residual noise exists in the data at 0.71 keV. We also fit the spectral index without the 0.71 keV point, and find that the derived spectral indices shift uniformly down, but only slightly, by less than 0.05 on average. Thus, the overall temporal evolution is insensitive to the lowest energy point.
As a final comment on the spectral shapes, it is important to point out that we are reporting ENA fluxes measured at IBEX, which, due to the time dispersion, do not necessarily represent the ENA flux distribution near the interstellar boundary. The difference in arrival times of ENAs between 0.71 and 4.1 keV is on the order of a year, so the instantaneous ENA spectrum in the outer heliosphere may be rather different. This is also a point to keep in mind when interpreting the ENA spectra reported in other discussions of ENA energy spectra (e.g., Funsten et al. 2009b , Figure 1 ; Schwadron et al. 2011, Figures 12-17 ). An exploration of the polar ENA spectral shape that takes into account time dispersion is currently underway (Allegrini et al. 2012 ).
DISCUSSION
The steady decline in the polar ENA flux corroborates the results reported by McComas et al. (2010) , where a drop in the cumulative flux in the southern hemisphere by 14% was observed between the first and second sky maps, and a 7.5% drop was observed in the northern hemisphere (see McComas et al. 2010, Figure 8) . Here, we have extended the observations for an additional year and the trend continues. The continuation of the trend leads us to consider the origin of the declining ENA flux. We consider three possibilities: (1) a decline in the 
ENA Extinction
We next consider whether the extinction probability of ENAs from the outer heliosphere to IBEX has increased significantly. A certain fraction of ENAs en route from the outer heliosphere to 1 AU will be ionized via photoionization or by charge exchange with outgoing solar wind ions. This is a very important effect at lower energies ( 0.15 keV), but it has a relatively minor impact at the ENA energies considered here (∼0.5-6 keV). In addition, the past several years have encompassed the deepest and most prolonged solar minimum since the start of the space age (McComas et al. 2008) ; hence, ENA attenuation has been particularly weak during the 2009-2010 period examined here. Ionization will occur at all distances along the trajectory of an ENA, but due to the 1/r 2 dependence of the UV and solar wind fluxes, the largest impact on the survival probability occurs over the last few AU as ENAs approach IBEX. To model the attenuation of ENAs, we combine solar observations with a model of the solar wind and radiation pressure (Bzowski 2008) . The details of this technique have recently been described in McComas et al. (2010) .
In Figure 5 , we present time series of the ENA survival probabilities for the five energy steps considered here. Bzowski (2008) performed calculations using two models, a threedimensional (3D) latitude-dependent calculation, and a 2D spherically symmetric calculation. Here, we present only the 2D model results. Although the 3D calculation is in principle more accurate, it is based on observations ending in 2003 (Bzowski et al. 2003) , so its predictions are based on extrapolation. As shown in Figure 5 , the ENA survival probability ranges from an average of 67% at the lowest energy step to 82% at the highest. The variability is quite low, with a standard deviation ranging from 1.5% to 2%. For most of the observation period, the survival probability has fluctuated about a constant mean. In the last four months of 2010, the probability has been consistently lower, dropping between 2% and 4% below the mean values. However, it is clear that the small decrease in ENA survival probability is not large enough to explain the observed decline in the polar ENA fluxes. In what follows, we make corrections to the ENA fluxes observed by IBEX using the survival rates of Figure 5 .
Decline in Solar Wind Flux
A more likely possibility is that the ENA flux has been affected by a decline in the solar wind flux. The Sun has just concluded an unusually deep and extended solar minimum, and the observed solar wind flux (nv) at 1 AU steadily decreased from the beginning of 2005 through early 2010, which is the observation period appropriate for comparisons to the ENA flux observed by IBEX between 2009 and 2011. Since then, the solar wind flux has been generally increasing as we approach the next solar maximum. Figure 6 shows a related quantity, the solar wind dynamic pressure (ρv 2 ) from the Omni-2 archive (King & Papitashvili 2005) for the period where we expect the outgoing solar wind observed at 1 AU to have the strongest impact on the ENAs observed by IBEX during the 2009-2011 period (see discussion below). Also shown are Ulysses/SWOOPS measurements (Bame et al. 1992 ) of the dynamic pressure above latitudes of |45
• | from its third and final polar orbit, scaled to 1 AU. As shown by McComas et al. (2008) , the in-ecliptic solar wind data and Ulysses observations at all latitudes show a similar drop, indicating that the decline in solar wind flux and dynamic pressure over the period were truly global.
Many simulations that model heliospheric ENA production place the predominant source region for ENAs within the IHS (see, e.g., Sternal et al. 2008; Heerikhuisen et al. 2008) , as this is a region of shock-heated solar wind plasma and pick-up ions. Variations in the flux of ENAs within the IHS are related to solar wind variations in two ways: first, through variations in the flux of the shocked solar wind within the IHS; and second, through the action of the varying solar wind pressure across the TS. We discuss each mechanism in turn.
First, ENAs detected by IBEX originate from a population of pick-up and solar wind protons whose outward flow has been diverted along the flanks and over the poles of the heliosphere toward the heliotail. Thus, the line-of-sight along which ENAs arrive at IBEX from the IHS intercepts a collection of sheath protons that can be traced to particles originally propagating outward from the Sun at various angles from the heliospheric nose. Therefore, the ENA flux should correlate with the outbound solar wind flux averaged along these latitudes. In the case of observations of the heliospheric poles, we are then essentially considering the solar wind flux averaged over a strip including all latitudes from the nose to the pole and at zero degrees longitude from the nose.
A factor to fold into the correlation is the spread of proton travel times along streamlines from the Sun to the TS at different latitudes, and then continuing through the IHS to their respective points of intersection with the LOS. Referring to the discussion of the scale of the heliosphere given in Section 1, we can estimate the path length along which a solar wind proton travels as it flows through the IHS. At the extreme, a proton outbound along the heliographic equator will travel roughly an additional 200 AU through the IHS to the pole as compared to a proton outbound directly toward the pole. If the flow speed in the IHS is ∼150 km s −1 (based on Voyager 2 observations; Burlaga et al. 2009 ), this corresponds to a travel time difference of ∼6.5 years, or half a solar cycle. Thus, by this mechanism the ENAs observed along a polar LOS will reflect solar wind variability averaged over half a solar cycle.
The second means by which the ENA flux is coupled to solar wind conditions operates on a significantly shorter timescale. This mechanism depends on the pressure the supersonic solar wind exerts on the TS (see Figure 1) . At the distance of the TS, the solar wind dynamic (ram) pressure dominates over the internal pressure and maintains the inflation of the heliosphere. If the heliosphere is in a state of at least quasi-equilibrium, then the total pressure across the TS will be roughly balanced; thus, if the solar wind pressure decreases, so will the pressure within the IHS.
We expect that the decrease in pressure will lead to a corresponding decrease in the ENA flux. To relate the observed ENA flux to the pressure integrated along the LOS we use the approach of Funsten et al. (2009b) , which was modified by Schwadron et al. (2011) to account for plasma motion beyond the TS. The outward radial pressure for plasma moving with radial velocity component u R is related to the ENA differential energy flux j ENA (E) (the quantity measured by IBEX) by
where m is the hydrogen mass, v = √ 2E/m is the proton velocity in the Sun's frame, σ (E p ) is the charge-exchange cross section (Lindsay & Stebbings 2005) in the plasma frame (v p = v − u R ), n H ∼ = 0.10 cm −1 is the neutral hydrogen density, and L is the line-of-sight path length through the ENA source region, interpreted here as the thickness of the inner HS. The first term on the right-hand side represents the internal plasma pressure exerted in all directions, and the second term is the radial component of the dynamic pressure. If we set u R to zero, which is equivalent to the plasma being at rest with respect to the Sun, then Equation (1) becomes
In this case, P stationary is referred to as the stationary pressure, and it acts as a lower limit on the total pressure. We move L to the left-hand side to form the quantity P stationary · L, which is then entirely empirically determined by the parameters on the right-hand side. It is important to note that Funsten et al. (2009b) consider only the stationary pressure, whereas Schwadron et al. (2011) consider both pressure components. Although the latter approach is more accurate, it is complicated by the fact that u R can only be estimated or derived from a model. From Equation (2) we see that the ENA flux is not only proportional to the plasma pressure, but also to the IHS thickness (L). Returning to our discussion of how a declining solar wind pressure causes a decline in the ENA flux, we must also consider the effect of the declining pressure on L. As the solar wind pressure falls, the TS will move inward, and at first L will increase, which counters the decreasing pressure, implying that the ENA flux would remain constant. However, since the pressure of the ISM at infinity remains unchanged, as the pressure decrease propagates to the heliopause, the heliopause will move inward, leading to a decrease in L, and therefore, a decrease in j ENA .
We note that not all models attribute the major source of ENAs to the IHS. Both Prested et al. (2010) and Izmodenov et al. (2009) suggest that a significant component of the ENA population may originate from outside the heliopause, from suprathermal plasma located in the ISM adjacent to the heliosphere. Here, we make the assumption that the IHS is the dominant source of ENAs. If this is not the case, then the LOS length L can be more generally interpreted as the approximate thickness of the ENA-emitting region, regardless of its location.
Comparing the 1 AU Solar Wind Dynamic Pressure to j ENA
To test our assertion that the observed drop in the polar ENA flux tracks the declining solar wind pressure, we compare measurements of the solar wind dynamic pressure at 1 AU, P 1AU , to the LOS-integrated pressure, P · L. In order to use Equation (1), we must specify the downstream plasma speed, but in the polar directions this can only be estimated, as the poles are quite far from the locations of the direct measurements by Voyagers 1 and 2. For this reason, we compare P 1AU to the stationary frame quantity, P stationary · L, as given by Equation (2). We are justified in using P stationary · L even though it does not represent the true LOS-integrated pressure because both terms in Equation (1) have the same dependence on j ENA . Thus, both P · L and P stationary · L should show comparable degrees of correlation with P 1AU .
Traceback Time
Determining which 1 AU solar wind observations are appropriate to compare to IBEX ENA observations is not trivial. We must determine the "traceback" time from the time the ENAs were measured back to the observation time of the outgoing 1 AU solar wind that eventually influences the environment where the ENAs are formed:
where t tb is the average traceback time for ENAs originating in the IHS, d TS is the distance to the TS, l is the thickness of the IHS, v sw is the solar wind proton speed, v s is the sound speed in the IHS, and v ENA is the speed of an ENA observed at IBEX. Note that l and the parameter L introduced in Equation (1) are describing the same quantity; however, we use distinct notation for the two parameters as they are derived in fundamentally different ways. The first term on the right-hand side of Equation (3) describes the time it takes a solar wind parcel traveling outbound from the Sun to reach the TS. Suppose this solar wind parcel then delivers a pressure impulse across the TS upon arrival. Since flow in the IHS is subsonic, a pressure pulse will then propagate through the IHS at the local sound speed v s . ENAs will be formed at a range of times as the disturbance passes through the IHS, so we take as a characteristic time the time when the disturbance passes the midpoint of the IHS, given by the second term in Equation (3). The third term then describes the time it takes ENAs formed at this point to travel back to IBEX.
To get an idea of what to expect for t tb at the south pole, we set v sw = 760 km s −1 , which is an appropriate value for the solar minimum period in question, as measured by Ulysses (Ebert et al. 2009 ). We set d TS = 110 AU and l = 55 AU at the south pole, based on the analysis to follow in Sections 4.3.3 and 4.4. The ENA velocities are derived from the central energies of the IBEX passbands. Determining the remaining parameter, the IHS sound speed v s , requires a bit more analysis.
We can estimate the sound speed and other plasma parameters in the IHS from the observed 1 AU solar wind, by propagating the solar wind through the heliosphere using the continuity equations for mass, momentum, and energy, as well as an appropriate equation of state. We utilize a one-dimensional model (as a function of radius only) originally developed by Isenberg (1987) to include mass loading of the solar wind by charge exchange with interstellar neutrals, and further refined by Schwadron et al. (2011) to include mass loading by pickup ions created by photoionization. To determine conditions beyond the TS, we apply the Rankine-Hugoniot jump relations for a plasma. Based on this, we arrive at an IHS internal pressure of ∼1.2 pdyn cm −2 , and a density of 6.4 × 10 −4 cm −3 , giving us a sound speed of v s = 430 km s −1 . Note this estimate is fairly insensitive to the precise value of the 1 AU initial conditions or the choice of d TS . The value v s = 430 km s −1 is reasonable for the range of conditions considered in this study. This estimate also neglects the small contribution of the local magnetic field to the propagation speed. Observations show that the magnetic field in the IHS is ∼1 μG (Burlaga et al. 2009 ); thus, the Alfvén speed is v A ∼ 10 km s −1 , in which case the magnetosonic speed
A ) is negligibly different from the sound speed. Using these estimated distances and speeds, we find the travel time of the outbound solar wind to the TS is ∼250 days, the time it takes a pressure pulse to propagate to the midpoint of the IHS is ∼120 days, and the travel time for ENAs between 4.2 keV and 0.71 keV back to IBEX ranges from ∼280 to ∼700 days. Taking all three terms in Equation (3) together, the total traceback time from detection of polar ENAs by IBEX to solar wind observed at 1 AU is ∼650-1070 days (1.8-2.9 years). The thick horizontal lines in Figure 6 show the time period where solar wind passing For ENAs observed from the north ecliptic pole, we estimate a longer traceback time because we expect the distances to the TS and heliopause to be farther. We set d TS = 134 AU and l = 82 AU at the north pole, based on the analysis in Sections 4.3.3 and 4.4, which leads to a 1 AU solar wind passage time for north pole ENAs ranging from mid-2005 to the end of 2008 (thin horizontal lines in Figure 6 ).
Correlation of 1 AU Pressure with ENA-derived Pressure
Armed with a procedure for determining the traceback time, we can now perform the correlation between P · L and P 1AU . Since ENAs are measured in discrete energy passbands E i , we first compare the LOS-integrated partial pressures (ΔP stationary · L) i to the solar wind dynamic pressure. This is shown in the first five panels of Figures 7 and 8 for the north and south poles, respectively. Note that (ΔP stationary · L) i has been corrected for ENA extinction as discussed previously.
Rather than compare the partial pressures directly to the 1 AU time series, we base our comparison on a linear fit to the solar wind data (red line in Figure 6 ). This is justified for three reasons. First, we would not expect an exact correlation to exist between the polar ENA observations and ecliptic solar wind measurements since they are so far apart in latitude. Second, the integration of ENA observations along the LOS tends to smooth structures having timescales smaller than the sum of the HS crossing times of the outbound pressure wave and inbound ENAs (∼1 year). Finally, as we have already argued, the trend of decreasing solar wind flux is global and quite linear between 2005 and 2010.
In Figures 7 and 8 we see that for all energies except the lowest, a linear fit to the points shows that a positive correlation exists. In each panel, we have also drawn a dashed line that runs from the midpoint of the linear fit line to the origin (0,0). If the fit lies along this zero-intercept line, then there exists a one-to-one correspondence between the 1 AU dynamic pressure and the ENA-derived partial pressure. That is, if the 1 AU dynamic pressure doubles, so too does the partial pressure. The conclusion to draw in such cases is that the change in HS pressure can be attributed entirely to changes in the solar wind dynamic pressure. We see that in some cases, such a oneto-one correspondence exists, but not always. Furthermore, in many cases there is a large amount of scatter about the line. This may be in part due to incomplete correction for local solar wind contamination (which is particularly likely in the case of the 0.74 keV step). In the case of the north pole, there are also possible contributions by the ribbon, as mentioned previously. However, we cannot rule out the possibility that some of the short-term variation occurs in the heliosheath.
For each pole there is one time interval, spanning about one year, where the traceback times for all five energy steps overlap. For this interval, we can sum the five partial pressures to arrive at a "total" pressure and compare this to P 1AU . The result is shown in the sixth panel of Figures 7 and 8 . Interestingly, the linear correlations at both poles are somewhat stronger than the correlations for individual partial pressures, suggesting that when summed, some of the shorter-term variability cancels. Figure 6 ). The solid line is a linear fit to data points. The dashed line is drawn from the mid-point of the linear fit to the origin, and indicates a one-to-one correspondence between changes in the partial pressure and 1 AU dynamic pressure. Last panel: total LOS-integrated pressure vs. 1 AU solar wind dynamic pressure. The total pressure is determined by summing partial pressures where their traceback times overlap. (A color version of this figure is available in the online journal.)
Using the Pressure Correlation to Estimate d TS and l
The degree to which the fit to the total pressure matches the zero-intercept line depends on the choice of d TS and l. In fact, one can use this as a means of improving the estimate of these distances. To this end, we have varied both d TS and l and calculated the difference in slope between the linear fit and the zero-intercept line. In Figure 9 , we show how the slope difference varies when setting d TS = 110 AU and varying l between 25 and 90 AU. The differences range from 0.15 to 0.53, a significant variation since the zero intercept line has a slope of 1.4 (in units of pdyn cm −2 AU/ndyn cm −2 ). The minimum slope difference occurs at l = 55 AU.
A curve such as that shown in Figure 9 can be made for many values of d TS , and all of these show a minimum at a certain value of l. It should come as no surprise that there is no one unique combination of d TS and l that minimizes the slope difference, as they come in as independent parameters in the calculation of the traceback time (Equation (3)). In Figure 10 we show the combinations of d TS and l that minimize the slope difference (solid line). Based solely on this analysis, we are free to choose any (d TS , l) pair lying on the line. If, however, we assign the model-based values of d TS between 100 and 110 AU (Pogorelov et al. 2007; Opher et al. 2009; Izmodenov et al. 2009 ; see Section 1) to the distance from the Sun to the TS, then we are forced to choose an IHS thickness of l ∼ 55-75 AU, which is somewhat below the consensus model estimate ∼80 AU. A similar process applied to the data from the north pole, using a model-based value of d TS ∼ 130 AU, gives us an IHS thickness of l = 85 AU. This is well below the modeled IHS thickness values, which range from 120 AU to 240 AU.
Evaluating the Thickness of the Heliosheath using Pressure Balance across the TS
We can perform a nearly independent estimation of the HS thickness as a function of the TS distance by computing the value of L, the LOS length that appears in Equations (1) and (2), and is shown schematically in Figure 1 . Because the total pressure across the TS balances, we can use the solar wind propagation model described in Section 4.3.1 to estimate the upstream solar wind total pressure (dynamic + internal) at the TS, P TS , and equate this to the pressure term in the quantity P · L, derived from the ENA flux, which then provides a value for L. Note that this is different from the empirical estimate of the HS thickness that was employed to evaluate the traceback time. Here, we apply a hydrodynamic approach. We do, however, still need to specify the distance to the TS as before, since P TS depends on the TS location. We also need to specify the radial component of the downstream velocity u R so that we can use the more rigorous relation for P · L given by Equation (1).
To estimate u R , we first derive the flow speed just downstream of the TS. At each pole, we apply the Rankine-Hugoniot relations to the solar wind state upstream of the TS as determined by our solar wind propagation model and our previous estimates of the TS distance. Upstream of the south pole TS, the solar wind speed is 620 km s −1 , which drops to 225 km s −1 beyond the TS. At the north pole, the solar wind speed drops from 595 km s −1 to 220 km s −1 across the shock. The radial speed u R represents an average along the LOS. To understand how it varies with distance, we look to the heliosphere models discussed in Section 1 for guidance. The radial component of the IHS flow velocity should drop smoothly with radial distance as the flow becomes more deflected away from the nose. (It will also drop because the LOS intercepts streamlines originating from lower and lower latitudes, and therefore lower initial outbound solar wind speeds.) The maximum deflection occurs at the heliopause (HP), where the flow is directed along the angle that the HP makes with the LOS, which at the poles is on the order of 50
• -60
• , depending on the heliosphere model. Right at the HP, the flow speed will be just a few tens of km s −1 , as it must match up with the plasma flow speed of the outer heliosheath. However, according to Fahr et al. (2000) , the speed drop in this transition layer near the HP is rather abrupt. Up to that point, the drop in radial speed is fairly gradual. We therefore take the magnitude of the flow velocity near the HP but before the transition layer to be more reflective of the observations from Voyager 2 of a downstream radial speed of ∼140 km s −1 . Thus, the LOS velocity component just before the HP transition layer is ∼140 · cos(55
• ) ∼ 80 km s −1 . Averaging this with the polar solar wind speed just after the TS, we arrive at an LOS-averaged value of u R ∼ 150 km s −1 , for both poles. (Note that if our estimate of u R is too high, then the estimates of L to follow can be considered as upper limits.) Because the south and north pole downstream speeds are so close, there is no need to specify a separate average radial velocity component at each pole.
With this average radial speed and an energy spectrum for the ENA flux, j ENA ∝ E −1.2 , at the poles (based on the average of the spectral fits shown in Figure 4 ), we find from Equation (1) that the true plasma pressure is ∼2.9 times the pressure derived in a stationary frame. This factor is fairly insensitive to the exact value of the spectral Figure 9 . Difference in slope between the best-fit line and the zero-intercept line for the south pole ENA-derived pressure and the 1 AU dynamic pressure (see Figure 7 , panel 6). The slope difference is plotted as a function of the inner heliosheath thickness (IHS) used to determine the traceback time, which in turn is needed for selecting the 1 AU dynamic pressure range to compare with ENA data. The solid trace is a third-order polynomial fit. For this set of IHS thicknesses, the assumed termination shock (TS) distance is 110 AU. We use the minimum slope difference to determine the best estimate of the IHS thickness. This occurs at an IHS thickness of l ∼ 55 AU. The plots in Figure 7 use the traceback times derived from this combination of distances (d TS = 110 AU, l = 55 AU) to compare pressures. index, remaining nearly constant for α values between one and two.
We are now in a position to estimate the thickness of the heliosheath as a function of d TS from the ratio P · L/P TS . At the south pole, for the interval where the time-shifted partial pressures can be summed, we estimate LOS-integrated plasma pressures P · L south ranging from ∼70 to ∼78 pdyn cm −2 AU, which is P stationary · L south in the range 24-27 pdyn cm −2 AU times the ∼2.9 correction factor to account for the fact that the downstream plasma has an outward velocity component. Note that although P · L south varies with time, the ratio P · L south /P 1AU is nearly constant (see Figure 7 , panel 6), which leads to a single value for L south for this period.
In Figure 10 , the dashed line gives our computed values of L south as a function of d TS . Note that at d TS = 110 AU, the line for the IHS thickness defined by the method in Section 4.3.3 crosses the line for L south , and this occurs at a value of L south = l = 55 AU (this explains the choice of traceback times shown in Figure 6 ). Thus, for this value of d TS , the two methods for determining the IHS thickness are completely consistent. Remarkably, this agreement occurs very close to the value for the TS distance predicted in the asymmetric models discussed in Section 1 (Pogorelov et al. 2007; Opher et al. 2009; Izmodenov et al. 2009 ). The agreement is not as good for the IHS thickness. The value for L south ∼ 55 AU is lower than the modeled value of 80 AU.
For the north pole, the values of P · L north range from ∼78 to 84 pdyn cm Considering the approximate nature of our estimations, our TS distances of 110 AU at the south pole and 130 AU at the north pole are in remarkable agreement with the TS distances derived from heliosphere models that account for the asymmetry arising from the inclination of the ISMF direction to the flow direction of the Sun through the ISM. However, our estimate of the thickness of the IHS is well below any of the modeled thicknesses at either pole. As previously mentioned, conclusions drawn from our analysis of the north pole ENA flux must be considered with some skepticism due to the proximity of the ribbon; however, we are confident of our south pole analysis. Thus, we conclude for the south pole, a significant discrepancy exists between our data-driven estimate of L south and modelbased estimates; for the north pole, a very large discrepancy is suggested.
It is interesting to note that Voyager 1 observations suggest an IHS thickness of 27 AU (Krimigis et al. 2011) , whereas modeled IHS thicknesses along the Voyager 1 direction range from about 55 AU (Opher et al. 2009 ) to 80 AU (Izmodenov et al. 2009 ). Taken together, the IBEX and Voyager 1 observations suggest that current models may significantly overestimate the size of the heliosheath.
In Section 4.2, we advanced the argument that the TS distance and HS thicknesses should both decrease with time for a decreasing solar wind pressure. However, in the present analysis we have held the TS distance fixed, which also leads to a fixed HS thickness. Unfortunately, we have no simple model to describe the time evolution of the HS, and therefore we have derived the parameters here under the assumption of a static heliosphere.
SUMMARY
At both poles, IBEX observations show a significant decline in the ENA flux over the first two years of observations. The decline is the strongest at energies between ∼1 and ∼3 keV. The trend is most cleanly observed at the south pole, while the north pole trend may be partially obscured due to the proximity of the high-latitude excursion of the ribbon. Because the decline has different slopes at different energies, the spectral index evolves with time as well, hardening from an early value of 1.35 to a later value of 1.07.
The ENA flux is a proxy for the particle pressure within the IHS; thus, the declining ENA flux indicates that the heliosheath pressure has been decreasing as well. We argue that the variations in ENA flux are likely caused by variations in the solar wind dynamic pressure at the TS that then propagate though the IHS as pressure waves. This is strongly supported by the observation that the LOS-integrated IHS pressure (P·L) derived from the observed ENA flux between the start of 2009 through early 2011 strongly correlates with the solar wind dynamic pressure (P 1AU ) observed at 1 AU between early 2006 and early 2009. In fact, a nearly one-to-one correspondence is observed, which implies that the decline in the IHS pressure can be explained nearly entirely by the decline in solar wind dynamic pressure.
Using the correlation method, we arrive at a set of unique pairings of TS distances and IHS thicknesses that are determined by varying the IHS thickness for a given choice of TS distance until the best agreement is found between the slope of a linear fit to the P · L versus P 1AU correlation and the slope of the oneto-one correspondence line. In principle, from the correlation method alone, the choice of the d TS , l pair is arbitrary, although we are guided in our choice of d TS by the TS distances for Voyagers 1 and 2 and scaling these to the poles based on published models of the outer heliosphere. From this, we arrive at estimates for the TS distance of ∼110 AU and ∼130 AU, for the south and north poles, which drives us to select IHS thicknesses of ∼55 AU and ∼85 AU, respectively.
We independently derive the thickness of the IHS by equating the solar wind pressure upstream of the TS to the pressure in the heliosheath and solve for the LOS length, L. Again, a combination of d TS , L pairings are found, but only one pair (for each pole) matches the pairings determined by the correlation method. This occurs for L south ∼ 55 AU at a TS distance of 110 AU and L north ∼ 82 AU at a TS distance of 134 AU. Taken together, the one-to-one correlation between solar wind dynamic pressure and IHS pressure, and the self-consistent predictions of HS thicknesses at the poles, give strong support to the conclusion that the observed ENA fluxes originate in the IHS and their variations are driven by the solar wind as it evolves through the solar cycle.
The evolution reported here points the direction for future modeling efforts. First, based on Voyager and IBEX findings, models appear to accurately predict the dimensions of the TS from nose to pole, but not the dimensions of the IHS. One obvious place where the heliosphere models are incomplete is in the structure of the solar wind at the inner boundary. Although some models have considered differing solar wind flow speeds and densities at low versus high latitudes (Zank 1999; Washimi et al. 2011) , most models assume a uniform solar wind at all latitudes. To better match the structure of the heliosphere being observed by IBEX during our study period, modern 3D MHD/kinetic models should incorporate a solar wind more representative of solar minimum conditions. Second, there is a need for more consideration of time evolution of the global, outer heliospheric system. Numerous researchers have modeled the influence of the solar cycle on the shape of the heliosphere (e.g., Zank & Mueller 2003; Izmodenov et al. 2005 Izmodenov et al. , 2008 Washimi et al. 2011) but only a few studies have considered the variation of the ENA distribution with time (Fahr & Scherer 2004; Sternal et al. 2008) . Sternal et al. (2008) , for example, has presented simulated ENA skymaps including the influence of the solar cycle, but only for the particular instances of solar maximum and minimum. What we require to further our understanding of heliospheric dynamics are models that describe how the ENA signal from the outer heliosphere evolves as the solar wind evolves. The situation that nature has presented appears to provide one of the simplest time-dependent scenarios to test, namely, a solar wind pressure that is changing linearly with time. This should enable theoretical progress to be made in a straightforward manner.
Of course, an additional mystery is the origin of the IBEX ENA ribbon. Although our analysis of temporal variation at the poles excludes the ribbon for the most part, we point out that a complete model of the heliosphere must be able to reproduce the IBEX ribbon as well as account for the temporal decline in flux reported here.
We watch with great interest as the current solar cycle evolves toward solar maximum and the solar wind pressure begins to increase. There is already evidence in the IBEX data that the time evolution of the ENA flux is flattening. As the solar wind passing 1 AU over the past couple of years begins to affect the ENAs we are now just observing, we anticipate that the ENA flux will begin to increase. We have found that the time evolution of the ENA flux, coupled with that observed in the solar wind by missions such as ACE and Ulysses, allows us to infer global information on the shape and structure of the heliosphere. The asymmetries between the north and south poles may indicate the influence of the heliospheric magnetic field on heliospheric structure.
